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?????X???????3d???????K??? (1s! 4p), L??? (2p! 3d),M
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? 1.1: 3d?????K??? L???????? RIXS??????
? 1? ?? 8


































IRIXS  P(!;!i)N(!)(!   !i + !s) (1.2)






???Q = 0?????????????????Q - !??????? RIXS????
?? N(Q; !)???? Ishii???????????? [8]?? 1.2(a)?????? RIXS
??????????????????????? ??? 2 eV????  ?????
???????????????????????????????????????
??? (? 1.2(b))????????RIXS??????N(Q, !)???????????
????????























??????????????????? [8, 18]??????????? [19–21]??
? [22–24]???????????????3d???????????RIXS?????
??? [25]?







????????? RIXS?????????? [26, 27]?????????? 1.4??









? 1.3: ?? [18]??
(a) NiO































? 1.4: ????? RIXS???























??????????????3?????? t2g? 2?????? eg????????
???????????????????????????????????????
????????? t2g, eg???????????????? 1.6(b)?????????
???????????????????????????????????????
??????????????????????????????????????




















??? Cu2+?????????d??????? 9????????? 1.6(b)???
dx2 y2????????????????? (half-filling)????????????????
?????????????????dx2 y2????????????? (Lower Hubbard
Band:LHB)?????????dx2 y2 ?????????? (Upper Hubbard Band:UHB)
?????????LHB??????? 0?????UHB?????????????
? U?????????????????????? 2p????????? ???
???????????????????????????????????????
1.7????? 0????? 1.7(a)??????????? 0????? 1.7(b)???





















































?????? Cu???????? O? 4????????????????????
??????????????????????????????? Zhang-Rice???





































?????? 1.9?????? leg, rung??????????????????????
???????????????????????????????????????
????????????? [33]????????????????????????




???????????????????? rung??? a?,leg??? c???????
?????? c??????????????????????????? (x=0)???
??????????????? c??? cchain  2:7Å, cladder  3:9Å?????????
































? 1.10: Sr14 xCaxCu24O41?????????????? (ladder)?????? (chain)?
b????????????????
? 1? ?? 18











?? ?? ? ?
?????
? 1.12: c??????????? L??????
?????????????Q??????? q????????????????
?????????????????Q = (H, K, L)????????????? (a,b,cladder)
????????????????????????????????? Brillouin??




?????????? rung???? 3?????a??? 1.5(H = 1.5)???????
????????c??? 0.5(L = 0.5)??????????????????????
??????????Brillouin????????????Brillouin??????????
? 1.12????????? L?????????????? 1.11?????????














?????Cu?? 1???? 0.25?????????????? 6?????????
?????????Sr? Ca??????????????+2???????????
? Cu????????????????????????????????????
???Kato??????bond-valence-sum?????x = 0?? 6??????????
???????? (? 1.1)?Ca???????chain???+2.38??+2.26??????
Temperature (K)
? 1.13: ???????????(8  x  12) [39]











? 1.1: bond-valence-sum??????Sr14 xCaxCu24O41??????? Cu???[40]
CuO2 chain Cu2O3 ladder
x = 0 +2.38 +2.04






















NEXAFS (by Nücker et al)
NEXAFS (by Rusydi et al)
NMR
neutron diffraction
? 1.14: ??????????????????????????(?:????? [41],
?:X???????? [42],?:X???????? [43],?:NMR/NQR [44],?:????
? [45])
? 1? ?? 21
1.4.4 ????
??????????X????????????????????????????
??? [50]?O?K??????????X????????qC:O:(0) = (0; 25 ) (QL = 0.2)
???????????? (? 1.15(a))???? leg??? 5?????????????
???????????????????? (? 1.15(b))????????? TC:O:(0)??
250K???????????????????Abbamonte??????????????
????????????????????????????????? (Wigner??)?
??????????????? x  11???????????????qC:O:(11) = (0; 23 )
(QL = 1/3)?????? (? 1.16(a))???? 3???????????????????
??X??????????????????????????????? 1.16(b)??
??????????? x = 0, x  11????????????????????[51]?
?????????????????????????????????CDW????
????????????????????? [52,53]?CDW????????????








? 1.15: ?? [50]??
? 1? ?? 22
(a) x  11?????????????????
(b) ???????????????









































(a) ??????? (x = 0, 3, 9) (b) ???????????? x - T??
? 1.17: ?? [53]??
1.4.5 ????????????
Sr14 xCaxCu24O41??????????????????????? 1.13??????
??x  8????? a, c??????????????????????????? x
 9???c??????????????????a?? x = 12??????????
?????? x  9?????????????????????? 1.18??x = 0??
13.6?????????????????????????? [34,39]???????P <
6 GPa???????????????????P > 6 GPa???? a, c???????
?????????? (? 1.18(a))???????? 6 GPa???-??? (Metal-Insulator
: MI)????????????? x = 13.6?????????????? 1.18(b)???
??????? 3 GPa?????????????????? 6 GPa????????
?????????x = 13???????????????????????????
? 1? ?? 23









? 1.18: ???????????(a) x = 0 (b) x = 13.6





























? 1? ?? 25
(a) (b)
? 1.20: (a) ???????????????????? [46]?LH(Lower Hubbard
Band),NB(Non-Bonding O2p Band),Z-R(Zhang-Rice???),UH(Upper Hubbard Band)?
???(b)????????????? [41]?
????????????????????????????????????3eV?


















? 1? ?? 27
1.4.7 ?????????RIXS











































? 1? ?? 28
? 1.23: (a)Sr14Cu24O41????RIXS?????????????????(b)????




? 1.24: (a) ???????????????(b) ????????????????
La5Sr9Cu24O41??? Sr14Cu24O41??? Sr2:5Ca11:5Cu24O41 ?????????????
?????????????[59]







































?? (????? ultraX 18H:???? 18 kW)?????????????Mo?K??
































Si(400),Ge(733) ????????????????????? 400 - 500 meV ??
??????????????????? Si(333)?????????????????
? (? 200 meV)??????????????????????? (SII?)??????
????????????????????????????????? ARS?? He









r.l.u. (qrung = /5), Lladder = 0.065 r.l.u. (qleg = /10)??????
? 2? ???????? 32
? 2.1: Sr14 xCaxCu24O41??????????????????
400 K 300 K 150 K ???
x = 0 ? ? ? ? (8 K)
x = 3 ? ? ? ? (11 K)
x = 6 ? - - ? (5 K)
x = 9 ? - - ? (11 K)
x = 11.5 ? - - ? (18 K)
?????















? 2.2: ?? Brillouin??????????????????????????????










???? (DE-202SI)??????????? (7 K)?????????x = 3, 11.5???
?????
? 2? ???????? 33
??X???CuO4??????????????????????????????
BL11XU? Sector 30???????????????????? (BL11XU?????
?????? 89913 eV, Sector 30???????????? 8980.5 eV???)?? 1 eV
??? 8994 eV??????
2.3 ????
2.3.1 ??? (x = 0)????RIXS?????
? 2.3?2.6?????8 K? 400 K? RIXS?????????????????? 
????????????????????????????????????????
??????????????2 eV??????????????????? 2.3, 2.4?
??? qleg??????????2 eV????????? qleg  0?????????
??????????????q=(, )??????????????????????
??????????????????????????????qrung???????
?????? 2.5,2.6????????qleg = 0??????? 2eV??????????
?????qleg = ????????????????????????????
?????????????? qC:O:?????????????? 2.7? qC:O:???
?RIXS???????????????????? ???????????????
???????????????qC:O:???????????????????????
???????????? 2.8?? ?? qC:O:????????? 200 - 400 K?????
???????????????????????????? qC:O:??????????
?????????????????????????????????? 1.0  1.5





K???????????????????????q = (0, 2/5)??????????
x= 0?????????????? qC:O:???????????????????300
K????????150, 8 K??????????????????????? 2.8??
??????????????????







































? 2.3: ???????? RIXS???????????(0,0)!(0,)


































? 2.4: ???????? RIXS???????????(,0)!(,)




























? 2.5: ???????? RIXS???????????(0,0)!(,0)




























? 2.6: ???????? RIXS???????????(0,)!(,)


















q = (0, 0)
q = (0, 2pi/5)
q = (0, pi)
T = 400 K
T = 300 K
T = 150 K
T = 8 K
? 2.7: q = (0, 0), (0, 2/5), (0, )???? RIXS????????????





























? 2.8: 200 - 400 K??RIXS??????????????  ?????? qC:O:???
?????



















































? 2.10: qleg = -2/5, 0, 2/5, ??????????????????????????
??????????????????
? 2? ???????? 41
2.3.2 ???????????????
???????????????????????x = 3, 6, 9, 11.5?? RIXS ???
????????x = 0???????????????? 1.0  1.5 eV???????
anti-stokes?????? (-1.0  -1.5 eV)??????????????????????
???????????????????????????????????????
??????????? 2.11??????
? 2.11(b), 2.11(c)?????????x = 3, 6??????????????????
????????????q = (0, 2/5)??????????????????????
??????????x = 3?? 300 K?x = 6?? 11 K??????????????
?????????x = 3????????????????????????????
x  9?????????????????????????????????????
??x  11?????????????????????? qC:O:(11) = (0, 2/3)????
?????????
??????????????????????????????? ??? q = (0, )
??????????????? 2.12??????????????????????
???????????x  6?? contiuum?????????x  9????????
???????????????







??? q = (0, )??????????????????????????????













































































































??????? RIXS?????? 1.0 - 1.5 eV??????????????????
???????????? 2.11(a)?? 2.9????

























T = 400 K
T = 400 K
T = 5 K
T = 11 K
T = 18 K
q = (0, 0)
q = (0, qleg)
q = (0, pi)
? 2.12: ????????????????????????????????????
?? ? (?)?? q = (0, )(?)??????????????
















































Sr2.5Ca11.5Cu24O41 (T = 8 K)
(b)
? 2.13: ???????? RIXS???????????????????? ((a) : x =9
(b) : x = 11.5)?qleg??????????????????????????
? 2? ???????? 45
x = 9, ∆E = 200 meVpi/10

















x = 11.5, ∆E = 120 meVpi/5

















? 2.14: RIXS?????????????????(a) x = 9 (b) x = 11.5???????
???????????????  ????????????????????????
??????????????????????




2.4.1 x = 0??????
 ????? RIXS?????????????? 2 eV?????????????
???????????????????????????????????????


















???????????????? (Nladder)???????????????x = 0??
??????Nladder? 0.28holes/f.u. ?? 0 hole/f.u.?????????Sr14 xCaxCu24O41
????????????????????????????x = 0?????????







Eisaki??????????????? (? 1.21(a))????????????? 1 eV
?????????????????????????hole-rich? hole-poor?????
? 2? ???????? 47
????????????????????????????????????????
?????????????????????????????????Abbamonte?







(  200 K)??????????????????????????????????
???????????????? 2.10?????????????????? qleg =




????????????????????? qleg = 2/5?????????????
????????????????????????????????????????
2.4.2 x  6????????
x = 3?? 6???????????????????????? [51]??????




??????????????? x = 6??????????????????????
?????????????x = 0,3??????????x =6???????????
??????
x  6???????????????????????????????????
qC:O:(0)???????????? 2.15(a)? x = 0?????????????????
??????q - !?????????????????????????? 400 K,??
300 K,???????????????????????????E, q??????
? RIXS?????????????????????? 1 eV???????????
???????????????? X??? (Resonant Soft X-ray Scattering : RSXS)?
?????????????????????????????? 100 meV???? (E




? 2? ???????? 48
ΔE1eV
























? 2.15: q - !?????????????????????????????????
?????? 400 K, 300 K,??????????????????????????q,
E??????? RIXS??????
???????RSXS?????????????????????? x = 3, 6????
?????????????????????????????????????RSXS
?????????? (? 2.15(b))???????????q - !???????????
?????x = 0?????????????? 2.16?????????E, q???








? 2? ???????? 49
1eV








T > T T ~ T T < TC.O. C.O. C.O.
ΔE
Δq
? 2.16: q - !?????????????????????????????????
???????????????????q, E??????? RIXS??????
????????????????????????Curie-Weiss?????????
??????????????????? [62]?????? x = 3? x = 0??????















? 2? ???????? 50
2.4.3 x  9???????????????
x  9??????????????????????????? x  6??????
???????????????????????? (? 2.12)???????????




??????????????? Nd1:85Ce0:15CuO4? RIXS???????? [8]??
??????  ????????????????????????????????





2  8 site ladder? single band Hubbard?????????????? 2.17??? [63]?
??????? (t)?on-site???? (U), RIXS????????? 1s - 3d???? (Uc)
????????????????t = 0.3 eV, U/t = 8, Uc = 10??????2  8 site
ladder??????CuO2????? 16?????????? (????)/(CuO2????
??)???????????????????????????????????? 0











? 2.19 ?????????????????? (Electron Energy-Loss Spec-
























































































































































? 2.17: 2  8 site ladder? single band Hubbard?????????????????RIXS
??????? N(Q; !) (t = 0.3 eV, U/t = 8, Uc = 10)?[63]
















































0.0 0.2 0.4 0.6 0.8 1.0
ρ ?= 0.0625h ρ  = 0.125h





















































qleg qleg qleg qleg
qleg qleg qleg qleg
< q?   = 0 >rung < q?   = 0 >rung
< q?   = 0 >rung < q?   = 0 >rung
< q?   = pi >rung< q?   = pi >rung
< q?   = pi >rung < q?   = pi >rung


















? 2.19: Sr3Ca11Cu24O41? EELS??????? 1 eV???????????????
??? (??) [64]?
? 2? ???????? 53
2.4.4 ??????????
???????????x = 0?? x  11???????????????????
?????????????????????????x = 0????????????
???????????????????????????????????????
? [58,62,65]?Wohlfeld????????????? rung?? Zhang-Rice??????
???????????????????????????????????????
?????????????????????? [66]???????????x = 0? x
 11???????????? 2.20(b)rung????????????????????
????????????????????????????????????
????????????????x = 0, 4??? 1 eV??????????????











?? 1 eV??????????????????????????? 1 eV??????
????????????????????????????????????????
????????????????????????????????????????
????????????x = 0?? x  11??????????? 2.20??????
?????????????????????????????? 2.20(b)??????
? Zhang-Rice???????? rung?? Zhang-Rice?????????????
















?????????????? 1 mm,???? 1.5 mm??????
?????? SUS301????????????????????????????
??? (FC70, FC77? 1:1???)??????








? 3? ???????? 56
????????????????????????? [68]??????G. J. Piermarini
??????????? [69]???? P (GPa), 1 atm?? R1????? 0 (nm),???
? R1????? (nm)????????????




??????Sr14 xCaxCu24O41????????x = 0?? 11.5???????????
x = 0???????????? (????????????????????), ???
???????????x = 11.5?????????????????????????
???????????? x = 11.5???????????????????????
?????????? b????? = 0??????? bc????????????
?????????????? 3.1(b)?????????????????120  300 
70 m3 (?? ?? ??)???????????x = 0?????????????





























? 3.2: ???????????????Be??? (??)?????????????
(??)??????
???????????????????????? 1???? 10 5  10 7?????
??????????????????????????????????X????
?????????????????????? [70,71]??????????????
??????? (Be?)??????????????N???? (? 3.3.1)?????






??? N???????A??????E??? X?????? (keV)?F?????
(mm)????
???????X?????Be????????????????????????
????????Alfred Q. R. Baron?????????????Be??? (A = 1489)?
 = 2:2 mm, N = 7?????? = 3:0 mm, N = 16????????E = 8.993 keV??
??????? F = 18.9 m, 11.289 m????Be??????????????? 19m



























????? r??????? d??????????????????r, d??????
???????????????????????






???????????? 8993 eV?????????????? 90????????
?X??DAC????????????K??????
? 3? ???????? 59
3.3.2 BL12XU











89913 eV,BL12XU???????????? 8980.5 eV???)???????????








 = 2:2 mm????,  = 3:0 mm????????????,?,??????????
????????????????????????????????????????
?? 3.1???????????? Be?????? 1???????????????
2:2 mm  7?Be??????????Be?????????? 1/4????????
????? 2??????????3:0 mm  16? Be?????????3/4????
???????????? 1/3?????????????????????????
2:2 mm  7? Be???????????????????????????????
???RIXS??????Be???????????????? (? 3.7)???????
???????????????????RIXS???? 2??????






























w/o lenzφ2.2 mm x 7φ3.0 mm x 16
? 3.6: ???????????????????
? 3.1: ??????????????????????????????????
?????? (m) ????? (???)
Be????? 830 1
2.2 mm  7 220 2.32
3.0 mm  16 660 0.365






















∆E = 422 meV
Be lens φ2.2 mm x 7



















w/ Be lenz(φ 2.2 mm)
w/o Be lenz
(b)
































































































Q=(0, K, L)  q=(0, qc)
Ambient Pressure (K = 12.8)
3 GPa (K = 13.2)
? 3.9: Sr2:5Ca11:5Cu24O41???? RIXS???????????????? 3 GPa??
??????????????????????????????????5 - 8 eV??
??????????????????

















Sr14Cu24O41 (K = 13.5)









Q=(0, K, L)     q=(0, qc)
? 3.10: Sr14 xCaxCu24O41????RIXS?????????????????? x = 11.5,
??? x = 0???????? 3.9???? 2 eV???????????????????
? 3? ???????? 65
????????????????????Energy Loss = 0 eV??????????




















































































Q = (0, 13.2, 0.5)
(d)
? 3.11: ? 3.9?????????????????????? 3 GPa????????
???????????anti-stokes?? Energy Loss? 0?????????
? 3? ???????? 66
???????????????????????????????????????









?????????? 3 GPa??????? x = 12?Ca??????????????
???????????????????????????? 3 GPa?????????
???? Sr?Ca???????? (x = 14)????????????????????
??????????????Bragg????????? b????????12.2366 Å
?????x = 13.6??????????????? b??????? 12.4267 Å???
?????? [37]???????????????????????????????
????? b???????????????? 3.13????b??????? x = 0, 6
?Ref. [76]???x =11.5????????Q = (0, 14, 0)??????????????
??????? Ref. [41]??????????? b????????????????
??????????????????????????????? x = 13.6? 3 GPa?
Temperature(K)







































? 3.12: x = 0?? 12???? NMR?????????????? (?:????:3.2
GPa) [44,49]??????????????????????????????????
???????????????
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? 3.13: b????????????????????b???????x = 0, 6?Ref. [76]
???x =11.5????????Q = (0, 14, 0)???????????????????
??Ref. [41]??????????????????????????????b???





? RIXS??????? (? 1.4(a)??)?????????????????????
? [26]???? 5.3 eV?????????????? 8.5 eV????????????
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